We analyze the eruptive products of Holocene Dotsero volcano (Colorado, USA;~4.15 ka), which record evidence of a progression from effusive magmatic activity through explosive phreatomagmatic maar-forming activity to a final explosive magmatic phase. The nature of the deposits suggests that the irregular and mountainous pre-eruptive topography strongly influenced the formation of directed pyroclastic density currents (PDCs) during the phreatomagmatic phase, where the topographically high northern crater rim acted as a barrier and promoted transport to the south. Furthermore, the crater shape strongly controlled the grain size of the final deposits, providing further evidence that deposit grain size can be a misleading proxy for fragmentation or explosion intensity. We test these hypotheses, as gleaned from fieldwork, by implementing a multiphase numerical model to simulate discrete explosions and their resulting PDCs at maar-diatreme volcanoes. We confirm that a crater shape where one rim is higher than the other promotes multiple pulses of particle transport in the direction of the lower rim. The initial PDCs contain both coarse and fine particles, whereas PDCs generated by later pulses contain, predominately, finer particles. This mechanism provides an alternative explanation to the formation of lapilli tuff/tuff couplets often found at maardiatreme tephra rings (including Dotsero volcano). Additional modeling shows how the crater depth can control grain size of the resulting PDC deposits. In the case of a deep crater and a relatively weak explosion, it is possible that only the fine particles escape following collapse of the eruptive column, resulting in a fine-grained deposit. This work allows us to improve models developed to describe emplacement of PDCs for different crater geometries and informs on the dynamics of maar-diatreme eruptions, but also highlights the limitations of our knowledge of key parameters, especially those related to the processes of magma-water interaction and syn-eruptive hydrogeology, during such events.
Introduction
Maar-diatremes can be considered the type-volcano for violent, subsurface phreatomagmatic eruptions (e.g., Ukinrek 1977; Taal 1965; Nilahue 1956; Rotomahana 1886; White and Ross 2011) ; however, many aspects of their eruptions remain poorly understood (Valentine et al. 2017a) . Recently, there has been an increased focus on such small-volume monogenetic volcanoes due to their economic importance (Kurszlaukis and Lorenz 2016) , potential hazards (Blaikie et al. 2014; Lorenz 2007) , climate implications (Sun et al. 2017) , and enigmatic presence in monogenetic fields otherwise dominated by scoria cones (e.g., Lunar Crater Volcanic Field, Valentine et al. 2017b; Eifel Volcanic Field, Meyer 1986 ; Chaînes des Puys UNESCO World Heritage Site, Scrope 1858). Even though maar-diatremes are abundant, Editorial responsibility: J. Taddeucci
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there is still a significant gap in our understanding of both large-scale eruptive phenomena, as well as the details of how magma and water interact to create explosions (Valentine et al. 2017a) . Experimental (Andrews et al. 2016; Macorps et al. 2016; Graettinger et al. 2015a,b; Sonder et al. 2015; Valentine et al. 2015a; Graettinger et al. 2014; Ross et al. 2013; Taddeucci et al. 2013; Valentine et al. 2012; Ross et al. 2008a,b) and numerical (Sweeney and Valentine 2015) work has resulted in a multitude of new hypotheses and models applicable to maar-diatreme volcanoes, which relate phenomena such as explosion depths and energies to eruptive processes and deposit facies. However, more field examples (e.g., Bélanger and Ross 2018; Graettinger and Valentine 2017; Valentine et al. 2015b; Lefebvre et al. 2013 ) are needed to apply and assess the validity of these models, particularly those gleaned from meter scale experiments (e.g., Graettinger et al. 2015a,b; Valentine et al. 2015a; Graettinger et al. 2014) .
It is generally accepted that most maar-diatreme volcanoes are the result of repeated, subsurface explosions caused by the interaction of magma and groundwater (Valentine et al. 2017a) . Whether an explosion erupts material out of the diatreme depends primarily on the depth and energy of the explosion, which can be combined in an empirical variable, scaled depth,
, where d is the physical depth and E is the mechanical energy produced by the explosion Graettinger et al. 2014; Valentine et al. 2012; Goto et al. 2001; Houser 1969) . Following an explosion, the material immediately surrounding and overlying the explosion site is propelled toward the surface via debris jets, which are imperfectly coupled gas-liquid-solid mixtures (McClintock and White 2006) . As a debris jet ascends, material elsewhere in the diatreme undergoes subsidence (Bélanger and Ross 2018; Andrews et al. 2016; Sweeney and Valentine 2015; Valentine et al. 2015a; Ross et al. 2008a,b) .
The scaled depth, along with topography (such as the presence of a crater), controls the volume, grain size, and depositional facies of material deposited outside of a maar crater (Graettinger and Valentine 2017; Graettinger et al. 2015a,b) . Graettinger and Valentine (2017) detailed these relationships further with field evidence from Teshim and Triplets maars in the Hopi Buttes Volcanic Field (Arizona, USA). They noted the abundance of couplets of two facies: (i) massive lapilli tuffs and tuff breccias and (ii) overlying thinly stratified tuffs to lapilli tuffs. They argue that the occurrence of couplets can be used to interpret trends in the relative depth of phreatomagmatic explosions.
One of the key problems in field studies of maar-diatremes is linking clasts in surface deposits to their origin in the subsurface country rock stratigraphy. These efforts are complicated by the structure of maar-diatremes, i.e., uncertainties about unexposed diatreme size and shape, a problem that is complicated by recycling and redistribution of clasts in diatremes, and the nature of country rock if it is not distinctive (Graettinger et al. 2016) . Once fragmented, country or volcanic rock (the former being defined as any rocks from the preeruptive substrate) can (i) spend little to no time in the diatreme (i.e., they are erupted immediately), (ii) be erupted after some time, or (iii) never reach the surface (Graettinger et al. 2016) . As a result of this behavior, certain interpretations of tephra ring deposits can be biased. Specifically, the depth of the unit from which a clast came from is not simply indicative of the depth of explosion that erupted it (Valentine et al. 2017a) .
Reconciling these inherent uncertainties associated with tephra ring deposits is difficult because the structure and composition of the diatreme is usually not accessible when surface deposits are present. Lefebvre et al. (2013) described the relationship between an exposed diatreme, Standing Rocks West in the Hopi Buttes Volcanic Field (Arizona, USA), and complementary eruptive deposits preserved in a nearby tephra ring, at the appropriate stratigraphic level so that the eruptions, while possibly different in age, erupted through the same stratigraphy. Componentry data taken from within the diatreme massif was compared with that of the tephra ring and they found that the eruptive deposits were almost always sourced from shallow explosions. Sweeney and Valentine (2015) and Valentine et al. (2014) used numerical modeling and empirical relationships, respectively, to arrive at similar conclusions, namely that most deep explosions in diatremes (> 200-250 m) remain contained and do not contribute to the surface deposits. Consequently, in most cases, the presence of deep-seated clasts in tephra rings can be attributed to incremental upward transport from debris jets (e.g., Ross et al. 2008a,b, McClintock and White 2006) .
In this work, we take a multidisciplinary approach to address how subsurface (i.e., intra-diatreme) processes, along with other shallow (near and at-surface) factors-such as topography, crater geometry, and magma flux/water budget (i.e., explosivity), influence eruptive deposits of maar-diatreme volcanoes. First, we describe the monogenetic Holocene eruption of Dotsero volcano (Colorado, USA; Fig. 1 ), which erupted through a well-characterized suite of sedimentary rocks and had both magmatic and phreatomagmatic eruption phases, the latter of which formed a maar crater (Leat et al. 1989) . The eruptive deposits are well preserved and largely non-indurated, allowing for detailed componentry and grain size analyses. We then present results from 2D multiphase numerical modeling, which shows the different ways by which the grain size of PDCs (and therefore the deposits) can be controlled by crater size and shape. We compare our findings to models developed from meter scale blast experiments (e.g., Graettinger et al. 2015a,b; Valentine et al. 2015a; Graettinger et al. 2014 ) and recent fieldwork (e.g., Bélanger and Ross 2018; Graettinger and Valentine 2017; Valentine et al. 2015b; Lefebvre et al. 2013 ) and propose several paths forward for the study of maar-diatreme volcanoes.
Geologic setting and general features of Dotsero volcano
Dotsero volcano (~4.15 ka; Giegengack Jr 1962; Fig. 1 ) is one of the youngest known intraplate volcanoes in the USA a n d p r o d u c e d d e p o s i t s o f b o t h m a g m a t i c a n d phreatomagmatic origin. We use the terms Bmagmatic^to imply pyroclasts were formed by the action of magmatic volatiles, and Bphreatomagmatic^to imply fragmentation at least in part due to explosive interaction of magma and groundwater (Heiken and Wohletz 1985) . The eruptions occurred through a well-characterized suite of Pennsylvanian sedimentary rocks, primarily the Maroon Formation, which is exposed in the present crater wall and the Eagle Valley, Minturn, and Belden Formations, which underlie it (Streufert et al. 2009 ; Table 1 ; Fig. 2 ). The eruptive products at Dotsero volcano include (i) variably welded spatter and agglomerate on the northern and southern crater rims, extending southward into the ravines connecting to the Eagle River Valley, (ii) lithic-rich lapilli tuff on the northeastern and southern crater rims, (iii) lithic-poor lapilli tuff extending from the crater~6 km to the northeast, (iv) alluvium/colluvium deposits, and (v) several lava flows, the largest of which is found on the Eagle River Valley floor (Streufert et al. 2009 ; Fig. 1 ). The intermediate stage of the eruption formed an elongate crater, which incised into the side of a mountain, Blowout Hill, and so can be defined as a maar crater (White and Ross 2011; Fig. 1 ). The crater is 600 m long by 400 m wide, and the north and south rims are offset by an elevation of 100 m, with the north rim being the higher of the two. The major axis of the crater aligns with the axis of a syncline, which itself is on the northern limb of the Eagle River Anticline (Fig. 1) . The crater incises irregular, mountainous topography and is perched near the top of steep sided canyons,~300 m above the Eagle River Valley floor.
Little physical volcanological work has been done at Dotsero volcano. Giegengack Jr (1962) described the volcanic rocks and the surrounding areas in detail and drew several interpretations, some of which are revised here. Other relevant work, such as that of Larson et al. (1975) and Leat et al. (1989) studied the regional volcanism in northwest Colorado from both a volcano-tectonic and geochemical perspective, but only provided limited descriptions of the main deposits at Dotsero volcano, some of which have since been altered by erosion and/or quarrying in the area and others that were incompletely described. Rowe et al. (2011) used melt inclusions to investigate the compositional evolution of the Dotsero volcano magmas and briefly state that the eruption began with construction of a scoria cone and lava flow, followed by maar-forming activity. However, their interpretations are based on limited field evidence and lack physical interpretations of any of the main depositional units. The relatively young and pristine crater, along with the non-indurated nature of the tephra and some of the pyroclastic deposits, make Dotsero volcano an ideal candidate with which to test new models of maar-diatreme volcanism. 
Methods

Fieldwork
We completed fieldwork at Dotsero volcano to establish the stratigraphic relationship between the various eruptive deposits and develop an eruptive chronology, as well as to detail the maar-forming phase of the eruption. Consequently, we identified key outcrops based on the maps and descriptions given by Giegengack Jr (1962) and Streufert et al. (2009) as well as our own observations. In the field, we described each outcrop, taking note of stratigraphy, dimensions, unit thicknesses, componentry, and petrography of predominant clasts. In addition, we revised the mapping of Streufert et al. (2009) , identifying previously unmapped outcrops. We also collected samples of the main units of each deposit, with more attention given to the lapilli tuff units over the coarser, variably welded agglomerate, for grain size and componentry analysis, relying heavily on the bedrock descriptions of Streufert et al. (2009) to make lithology identifications. The samples (~1 kg each) were initially sieved in 1Φ increments from − 4Φ to 4Φ for undifferentiated grain size analysis. The coarsest three particles sizes (− 4Φ, − 3Φ, and − 2Φ) were then separated initially by type (country rock versus volcanic) and then the country rock lithics were separated based on their sedimentary units (Table 1) .
Numerical modeling
Multifield approach
Studying the explosive phenomena associated with maardiatreme volcanoes requires a numerical model that solves conservation equations for a system composed of compressible gas and particles, with imperfect coupling between phases (Dufek 2016) . In this work, following the original model description of Harlow and Amsden (1975) , we adopt the welldocumented multifield approach, where the model equations describe conservation of mass, momentum, and energy for a carrier gas and for two Bfields^of dispersed particles. We model one particle field with a diameter of 10 −4 m (fines; equivalent to 4Φ) and the other particle field with diameter 10 −2 m (coarse; equivalent to − 3Φ), which are representative grain sizes of the lapilli tuff and tuff deposits at Dotsero volcano. This approach has been widely and successfully used in volcanology to model eruption dynamics and other explosive phenomena (e.g., Valentine and Sweeney 2018; Valentine 2015, 2017; Esposti Ongaro et al. 2008 Dufek et al. 2009; Dufek and Bergantz 2007a, b; Dartevelle 2004; Neri et al. 2003; Neri and Dobran 1994; Dobran et al. 1993; Valentine and Wohletz 1989; Wohletz et al. 1984) . We use the form of the governing equations given in Appendix A, which allows for multiple particle phases. Each are defined by material density and diameter, following Benyahia et al. (2012) , and symbol nomenclature is also given in Appendix A. The equations are solved using the open source code MFIX (v. 2016.1, https://mfix.netl.doe.gov/), which is based on a finite volume approach to the discretized governing equations (Syamlal 1998) . The code has undergone extensive verification and validation for single-phase and multiphase flows, including volcanically derived flows and compressible gas-particle dynamics (Valentine and Sweeney 2018) .
Model setup
The model setup is an extension of Sweeney and Valentine (2015) , where an explosion is simulated by an initial condition of high pressure within a bed of packed particles, meant to represent a mature diatreme. We use similar initial pressures as Sweeney and Valentine (2015) , who derived initial conditions using the initial thermal energy budget of a given volume of magma that might be involved in an explosive magma-water interaction event, and those of Esposti Ongaro et al. (2008 Ongaro et al. ( , 2012 who used a multifield approach similar to the one used here to model impulsive explosions from over-pressured lava domes. We use a range of initial high-pressure gas volumes consistent with the range of intrusion volumes in diatremes with the assumption that a larger magma volume could provide a greater amount of fuel for explosive magma-water interaction. There is some uncertainty associated with these values because the exact dynamics that are involved in a phreatomagmatic explosion within a diatreme are poorly constrained. For instance, the total surface area of interaction between magma and water depends on the hydrodynamics of both the water and the magma (Zimanowski et al. 1997) , which is complicated even further by the heterogeneous environment of a diatreme. In addition, the efficiency of phreatomagmatic explosions, or, the amount of mechanical energy available for an explosion derived from the thermal energy of the magma-water system, can vary over an order of magnitude (1-10%; Büttner et al. 2005) . This means for a fixed volume of magma and water, there is a range of possible explosion energies, which adds uncertainty to constraining initial conditions. Lastly, in two-dimensional Cartesian coordinates, areas do not readily translate to volumes, so determining exact explosion energy values is difficult. Here, we extend the model domain of Sweeney and Valentine (2015) to include the surface for analysis of the resulting PDCs. The ground surfaces are modeled as no-slip walls and the left, top, and right boundaries are outflow boundaries. In each simulation, the volume of initial high-pressure gas is centered along the vertical axis of the packed particles and at variable depths ranging from 30 to 40 m ( Table 2) .
Description of deposits
The deposits at Dotsero volcano include pyroclastic deposits immediately surrounding the crater to the north, east, and south, including the tephra deposits extending~6 km to the northeast, a lava flow field to the south of the present-day crater (which extends onto the floor of the Eagle River Valley), a lava flow to the north, and intermingled alluvium/ colluvium deposits throughout the ravines to the south (Fig.  1) . We describe the deposits starting at the crater and move concentrically outward. It is not clear how much of the current exposures, particularly along the northern crater rim, have been affected by quarrying of the tephra deposit, so we describe deposits inferred to be in-situ only.
Northern crater rim
The northern crater rim is characterized by a sequence of nonwelded to densely welded agglomerate deposits, crosscut by the crater itself. These form the cone-like feature (hereafter referred to as Bcone^) immediately adjacent to the crater rim ( Fig. 3 ) and is bounded on either side by two gullies, at least one of which trends along a fault (previously mapped by Streufert et al. 2009 ; Fig. 1 ). The only plane of exposure is along the crater rim, but the deposits do not extend laterally to the north or northeast more than a few tens of meters as evidenced by the presence of exposed bedrock. Within the crater wall itself, a~20-m-long,~1-m-thick sill is present-along with a 30-40-cm-wide dike that extends upward toward the cone, but terminates~5 m below it. The last noticeable feature in the northern crater rim area is a~2-m-thick outcrop of trachybasalt lava on the western side of the cone.
The variably welded agglomerate in the central part of the cone exhibits a gradational welding pattern (Fig. 3b) , starting with a~30 cm unit of nonwelded, lapilli to bomb sized, variably vesicular trachybasalt clasts. This lowest unit is in contact with the bedrock (Maroon Formation) at the crater rim.
The deposit transitions upward into~50 cm of partly welded agglomerate. The densely welded agglomerate caps the sequence and is one of the most visually striking features of the northern crater rim area, when viewed from a distance (Fig. 3a) . The densely welded deposit is highly jointed. Contorted, relic trachybasaltic pyroclasts can be observed throughout the deposit, but no obvious flow structures-such as aligned or elongated vesicle bands or clasts-are noticeable. The same sequence of units is present on the northwestern side of the cone.
The margins of the cone consist of flattened, trachybasaltic bombs. The major axes of the bombs dip toward the center of the cone (~10°) near the top of the deposit and away from the center (~25-30°) of the cone on the sides of the deposit (Fig.  3d) . The longest axes of the flattened bombs define the crude bedding of the deposit, in which individual beds are demarcated by slight (several cm) changes in the bomb sizes. The bombs are glassy and occasionally contain large (up to 1 cm), clear, euhedral quartz crystals with reaction rims. The margins of the cone are bounded on both the western and eastern edges by presently active gullies (Fig. 3a) . A thin (5 cm) veneer of scoriaceous ash to lapilli covers the cone. Beneath this thin veneer, there is a 3-4-cm-thick layer of fine to coarse ash rich in accretionary lapilli.
On the northwestern side of the cone, a~2 m outcrop of lava can be traced from the crater rim up the gully for several tens of meters (Fig. 3a, c) . The lava has 15-20 vol% phenocrysts, of which~85% are unaltered, euhedral olivine, and1 5% are clinopyroxene. Analyses of Rowe et al. (2011) give groundmass phases of plagioclase, clinopyroxene, olivine, and Fe-Ti oxides in decreasing abundance. The flow is underlain by a~50 cm flow breccia and overlain by a rubbly top, characteristic of an 'a'a flow (Macdonald 1953) .
Throughout this outcrop (and every outcrop of lava in the area), there are sparse occurrences of transparent, euhedral quartz crystals up to 1 cm in size with clearly visible reaction rims. Giegengack Jr (1962) identified these as alpha quartz using powder diffraction. These are clearly xenocrysts. Quartz found in Dotsero volcano eruptive products has been historically misidentified as diamond and in 1898, prospectors went as far as to sink a shaft in the crater floor to locate the Bmother lode^ (Giegengack Jr 1962) .
The sill and dike are, unfortunately, inaccessible. However, they can be viewed from the opposite crater rim (Fig. 3a) or from above, although the dike is not easily visible in photographs. Based on Giegengack Jr (1962) descriptions, the intrusions are petrographically identical to the lava flows. Within the plane of exposure, the dike does not appear to be connected to the overlying pyroclastic rocks.
Eastern crater rim
The broadly defined Eastern crater rim (Fig. 1) contains the main tephra deposit (Bunconsolidated lapilli tuff,^Streufert et al. 2009, herein referred to as Blithic-poor lapilli tuff,L PLT). The sequence also comprises a small outcrop of lithic-rich lapilli tuff, and an outcrop of lava in the crater wall. • Depth of explosion (m)
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Here, we provide a detailed stratigraphy of both the lapilli tuff units (Figs. 4 and 5 ).
Of the 12-m-thick outcrop of lapilli tuffs, the lowest exposed deposit is rich in glassy, vesicular bombs (Fig. 4) . The bombs are irregularly shaped and exhibit prismatic jointing. With the exception of one 20-cm-thick bed of ash, the overlying strata are of LPLT, as characterized by planar-parallel beds that mantle the bedrock and hills to the east and northeast of the crater, extending out to~6 km. LPLT found to the west and south of the crater is a surface feature only, and is never thicker than 10 cm. On the eastern crater rim, the individual beds range from 1 to 10 cm in thickness and contain predominately holocrystalline to partially glassy scoria lapilli. Some (< 10%) of the scoria clasts contain sedimentary lithic xenocrysts as cores. The individual scoria beds are massive, clast-supported, and marked by slight changes in grain size (from coarse ash to lapilli; Fig. 4 ). LPLT is poor in lithics throughout, usually constituting less than 15% of the samples (Fig. 4) . The lithics that are present are predominately sandstones from the Maroon and Eagle Valley Formations. Fig. 3 Northern crater rim of Dotsero volcano. a View from the southern crater rim. Field of view in foreground is roughly 500 m across (crater rim is~400 m wide at the center). Plateau in background is capped by older Tertiary basalt (Fig. 1) Approximately~2 m from the base of the LPLT unit is a 20-cm-thick bed of fine-to coarse-ash rich in accretionary lapilli that can be clearly distinguished from the rest of the unit (Fig.  4) . Above that, a sequence of strikingly similar bed sets of LPLT continues to the top of the deposit.
Adjacent to the eastern gully, there is a 5.5-m-thick outcrop of indurated, lithic-rich lapilli tuff (northeast lithic-rich lapilli tuff, NE-LRLT; Figs. 5 and 6). The outcrop is very local and the stratigraphic relationship between it and the previously described LPLT is not clear. The outcrop is massive to moderately bedded and moderately sorted. The beds of this unit are demarcated by changes in grain size (coarse ash to coarse Approximately halfway down the eastern crater wall, there is a small outcrop of trachybasalt lava. The outcrop is~2 m thick,~5 m wide at most, v-shaped, and in direct contact with Fig. 4 Grain size, componentry, and stratigraphic column of proximal eastern crater rim deposit (Figs. 1 and 3 ). There are two main transitions in the grain size distribution of the deposit, both near the bottom of the deposit. The pie charts show the weight percent of trachybasalt and sedimentary lithics. The xaxis of the stratigraphic column is relative grain size (Fig. 5) . b Close-up of white box in a. Notice massive nature of deposit and lack of large lithic blocks the Maroon Formation. The lava is petrographically identical to the previously described lava as well as that of the intrusive rocks described in the northern crater rim area. It aligns well with a present-day ravine that descends from an area southeast of the crater down to the Eagle River Valley (Fig. 1) .
Southern crater rim
The southern crater rim contains a number of different deposits including a section of non-to partly welded agglomerate that is buttressed by the slopes of Blowout Hill (Fig. 3) . It also includes an outcrop of lava and an intrusive feature near the base of the crater wall, as well as an extensive outcrop of lithic-rich lapilli tuff that overlies them (southern lithic-rich lapilli tuff, S-LRLT; Fig. 7a ).
The agglomerate spans the height of the southern crater wall and dips gently to the east away from the slope of Blowout Hill. The contact between the agglomerate and the Maroon Formation is not directly visible, but there is no evidence of any other deposit between them, so we infer the agglomerate is the westernmost extrusive rock present in the southern crater wall. The deposit is crudely bedded, non-to partly welded and contains scoriaceous lapilli and bombs. The dominant clasts are red, moderately vesicular trachybasalt bombs in the 10-15 cm range with fusiform shapes. There are also scattered black bombs of 1-1.5 m size, especially in the lower portion of the outcrop. The lowest volcanic feature in the southern crater wall (and the entire crater) is a vertically prominent outcrop of trachybasalt (Fig. 7b) . Within the trachybasalt below the southern crater rim there is a 1.5-m piece of heavily altered sandstone from the Eagle Valley Formation. Adjacent to the sandstone, there are rows of vertically oriented vesicle bands, some elongated in the vertical direction. The petrography of the trachybasalt is once again similar to the previously described intrusive rocks and lavas.
Approximately 50 m east of the trachybasalt outcrop, there is an outcrop of trachybasalt lava that is petrographically similar to the lava in the eastern crater wall and northwest gully (Fig. 7c) . The outcrop is v-shaped in cross section and is1 0 m thick at its center. Streufert et al. (2009) mapped two separate outcrops of lava in the southern crater wall (one interbedded with the overlying S-LRLT), but we were unable to definitively distinguish two separate outcrops and any potential contacts between the lava outcrop and other deposits are covered by talus. The outcrop aligns with the present-day canyon and ravines that connect the crater area and Eagle River Valley.
There are several individual outcrops of lithic-rich lapilli tuff (S-LRLT) that horizontally span the southern crater rim (Fig. 7a, d ). To the west, S-LRLT overlies the extensive sequence of agglomerate. To the east, S-LRLT is inferred to overlie the Maroon Formation, as the contact is covered and there is no evidence of agglomerate or lava between them. The previously described outcrop of lava is several meters below the lowest outcrop of S-LRLT (Fig. 6a) . We estimate the total thickness of S-LRLT to be~20 m, of which 16 m is exposed. This is roughly one-third of the estimate of 200 ft (~60 m) given by Giegengack Jr (1962) .
The S-LRLT deposit as a whole is characterized by a paucity of vesicular trachybasalt clasts and an abundance of sedimentary lithic clasts (15-70%), as well as clasts of broken up agglomerates and lavas, many of which have abraded textures (Fig. 8) . There are variations throughout S-LRLT but, generally, the deposit is brown-red and well bedded, with individual beds ranging in thickness from 1 to 25 cm. One distinguishing feature of the deposit is a rhythmic alternation between 2 and 10 cm thick, well sorted, and clast-supported lapilli beds, and 1-4 cm thick, indurated, ash-rich beds containing sparse lapilli (Figs. 7d and 8 ).
There are large sandstone lithic clasts throughout the entire deposit-some as large as 75 cm. The largest lithic clasts are predominately of Maroon Formation sandstone, but there are also several large clasts of the (deeper) Eagle Valley Formation sandstone. The total sedimentary lithic population includes all four of the country rock lithologies, with roughly equal volumes of Maroon and Eagle Valley Formations (together accounting for~98% of the samples) and rare amounts of Minturn Formation, with very sparse clasts from the Belden Formation. There are sparse block sags in S-LRLT when the block-sized lithics are in contact with the thinner ash beds (Fig. 7d) , but for the most part, the lithics do not disrupt the bedding structures. Due to the differences in induration between the lapilli and ash-rich beds, the granulometry is inherently biased toward the coarser clasts. We provide the grain size data in the Supplementary Material.
Southern quarry and ravine deposits and lava flow
Immediately to the south of the crater, and on the downsloping wall of the Eagle River canyon, there is a quarried area. This exposes several sections of agglomerate, lava, and colluvial deposits, previously mapped by Streufert et al. (2009) (Figs. 1 and 9) . The same agglomerate sequence present in the southern crater wall is exposed in the upper portion of the quarry. Deposits of S-LRLT are absent, but it is difficult to say whether this is meaningful because of the quarrying operations.
We define the two main drainages in this sector as the southeast and southwest ravines (Figs. 1 and 9 ). Each ravine contains variable amounts of partly welded agglomerate and trachybasalt lava, the latter of which is the lowest in the stratigraphy. The southwest ravine has been quarried up to the junction of the two ravines, exposing a cross section that reveals evidence of mechanical erosion (entrainment) of the colluvial deposits into the lava (Fig. 9) .
The main lava flow produced by Dotsero volcano extends from the valley side as a narrow tongue to the floor of the Eagle River Valley (Fig. 1) . The flow is petrographically identical to the previously described intrusive rocks and lava near the crater. Much of the flow surface is overgrown with vegetation, but enough of the rubbly surface can be observed to identify this as an 'a'a flow. Additionally, the southern margin of the lava flow is partially incised by the river and exposes a typical 'a'a cross section with massive lava core, under-and overlain by lava rubble (clinker). The surface and basal portions of the flow are relatively vesicular compared to the interior of the flow. On the surface of the flow, there are several large masses of partly welded agglomerate that provide several meters of relief.
Numerical modeling
Before proceeding to the interpretation of the Dotsero eruptive sequence, we conducted numerical experiments to explore whether the topographic setting of the maar crater could have affected the dispersal of pyroclasts during the eruption. This question arises from the observation that most deposits inferred to be related to PDCs are present predominately on the southern part of the crater margin (S-LRLT), where the maar crater at Dotsero volcano resides at the top of a steep valley wall on hilly terrain. The southern crater rim has (and had) a lower elevation (100 m) than the northern one, reflecting the valley wall setting. We stress that we are not trying to realistically simulate the eruption of Dotsero volcano, but rather address basic questions about topographic effects on impulsively generated PDCs. We highlight three simulations that illustrate the effects of crater size and shape on the properties of PDCs following a discrete explosion in a volcanic vent (see Table 2 for the remaining initial and boundary conditions for each simulation).
Offset crater rim geometry
Using the Cartesian cut-cell method in MFIX, we constructed a crater shape that closely resembles the northeast-southwest topographic profile of the Dotsero crater, where the northern crater rim is at least~100 m above the southern crater rim (Fig. 10) . The syn-eruptive crater fill (Bdiatreme^) is only modeled to a depth of 75 m because we focus on shallow explosions, so the crater floor is 25 m below the lower rim and 125 m below the higher rim. As is the case with the two subsequent simulations, we model two particle phases in the diatreme, with equal initial volume fractions of 0.32 (the remaining 0.36 is represented by the gas phase).
Following the explosion initiated by a 20 MPa volume of gas, both particle fields rapidly expand upward and outward (t = 10 s; Fig. 10 ). As the particles collapse back to the crater, PDCs are formed on both the left and right sides within the crater (t = 20 s; Fig. 10 ). On the left, the PDC interacts with the high wall and travels upward. On the right, a PDC containing roughly equal amounts of coarse and fine particles propagates outward toward the right boundary. The PDC on the left reaches the top of the higher crater rim, where some of the particles overcome the rim and traverse to the left. However, most of the PDC flows back into the crater and begins to move back across the crater and toward the right crater rim (t = 26 s; Fig. 10 ). We define this PDC as a Bsecondary^PDC. As it moves across and out of the crater on the right side, some of the coarser particles sediment onto the crater floor. The secondary PDC contains both particle phases, but is comprised mostly of fine particles, especially in the suspended load (t = 50 s; Figs. 10 and 11). After 90 s, a Btertiary^PDC forms from a collapsing transient column related to the passage of the secondary PDC and its interaction with the initial PDC. The tertiary PDC contains only fine particles. Thus, a single explosion produced three pulses of PDCs, each with a different mix of particle sizes, due to the interaction of the initial PDC with an uneven crater rim.
Deep crater
To explore further effects of crater shape and depth on PDCs, we simulate a weak explosion in a symmetrical deep crater, using an initial explosion volume roughly half of the offset crater rim simulation and an initial pressure of 10 MPa (Fig. 12) . Following the explosion, particles expand outward, but do not reach the crater rim (t = 20 s; Fig. 12 ). The particles then form a narrow column (t = 30 s; Fig. 12 ), which collapses back into the crater. Following the collapse of the column, the fine particles are pushed outward toward the crater walls (t = 45 s; Fig. 12 ), while most of the coarse particles deposit back onto the crater floor. A small volume of fine particles are able to overtop the crater rim and propagate outward as a dilute PDC. No coarse particles make it out of the crater (Figs. 11  and 12 ).
Shallow crater
Lastly, we simulate a high-energy explosion in a shallow crater, which probably best reflects initial stages of maardiatreme formation when not much ejecta has deposited around the maar (Fig. 12) . Following the explosion, both particle fields rapidly (~100 m/s) expand upward and outward, reaching a terminal height of~900 m at 10 s. The eruptive mixture collapses outward and forms thick PDCs containing roughly equal amounts of coarse and fine particles (t = 20 s; Figs. 10 and 12).
Discussion
The eruption of Dotsero volcano is interpreted to have had three phases of activity that were strongly controlled by topography (Fig. 14) . The eruption began with lava fountaining along a NE-SW trending fissure system, aligned with the current major axis of the crater. The deposits from the initial phase include variably welded agglomerate deposits on the northern crater rim and beneath the southern crater rim. They also include the small lava deposit on the northern crater rim, as well as the extensive lava deposit filling the two ravines to the south, the small ravine to the east, and the floor of the Eagle River Valley. Based on the relic clasts in the lava, the flows were most likely clastogenic. Furthermore, the spatial extent of moderately to densely welded agglomerate suggests multiple vents were active along the fissure system. The initial magmatic phase ended with a short-lived explosive phase, Fig. 9 a Outcrop of lava/colluvium interaction in southwest ravine (Fig. 1) . Lava flow direction is out of the page. b Deposits exposed in quarry immediately south of crater. The agglomerate exposed on the southern side of the crater rim can be traced to the agglomerate exposed in the southern crater wall (Fig. 5) recorded by the LPLT between the lower bomb-rich deposit and the accretionary lapilli-rich ash deposit (Fig. 4) .
The transition to more explosive activity was recorded by the presence of the maar crater and associated lapilli tuff (S-LRLT and NE-LRLT) and accretionary lapilli deposits below the main deposit of lithic-poor lapilli tuff. The crater then grew into an irregular topography, where the northeast and northwest sides of the crater were > 100 m higher than the southern and eastern crater rims (Fig. 13) . This offset crater shape strongly controlled the direction and dynamics of PDCs, as evidenced by the extensive S-LRLT deposits and the differences between S-LRLT and NE-LRLT. Based on sedimentary lithic volume (> 15%), S-LRLT and NE-LRLT were probably deposited during the same maar-forming phase of the eruption, though the stratigraphic relationship of NE-LRLT with the surrounding magmatic deposits is notably ambiguous. Both deposits are lithic Fig. 12 Deep crater simulation. Both columns are snapshots taken from one single simulation containing two particle phases (column a: fine particles, and column b: coarse particles). Only the fine particles overtop the crater rim and form a PDC (t = 60 s). Scale bar is bulk density Fig. 11 Cumulative erupted mass of each particle phase for each simulation. a Offset crater simulation-Bhigh^and Blow^correspond to the left and right crater rims, respectively (Fig. 9) . b Deep crater simulation. c Shallow crater simulation Fig. 13 Shallow crater simulation. Both columns are snapshots taken from one single simulation containing two particle phases (column a: fine particles, and column b: coarse particles). Both particle size fields flow out simultaneously in thick PDCs following the initial explosion. Scale bar is bulk density lapilli, dune bedforms, and low-angle cross-bedding, suggests the transport mechanism of the parent PDCs was by ballistic curtains or impulsively generated PDCs (Graettinger and Valentine 2017; Clarke et al. (2002) also described similar phenomenology for short-lived vulcanian explosions where discrete explosions can generate Boverhang^structures in the resulting PDCs). The differences in grain size and bedding structures between NE-LRLT and S-LRLT reflect the differences in height between the two sites relative to the syneruptive crater floor. a Left-lava fountaining along NE-SW trending fissure produced lava flows to the SW and a small flow to the NE. Right-fountaining also deposited thick sequence of agglomerate to the west on the slope of Blowout Hill. b Phreatomagmatic activity formed an asymmetric maar crater while incising adjacent Blowout Hill. A small amount of tephra and pyroclastic material was deposited to the NE. c Final phase of eruption was explosive magmatic and strongly controlled by westerly winds, depositing large tephra blanket (LPLT). d Present day
The crater shape promoted PDC transport primarily to the south and southwest, depositing S-LRLT, with a smaller volume and lower energy PDC to the north and northeast depositing NE-LRLT. Our numerical modeling supports this hypothesis. In the offset crater rim simulation, the majority of the PDCs are directed toward the lower crater rim, especially when the initial PDC is reflected off of the higher rim (Fig. 9) . The lack of large lithic blocks sourced from the Maroon Formation in NE-LRLT suggests a lower energy emplacement, or that ballistic transport of blocks was focused to the south. This is consistent with blast experiments through preexisting crater walls (as opposed to beneath the crater floor) in which case the eruptive jets are more directionally focused (cf. Valentine et al. 2015a) .
The eruption transitioned back to magmatic activity following the maar-forming phase. The scoria that constitutes the LPLT deposit is consistent with previous descriptions of fall deposits produced from violent Strombolian eruptions (e.g., Di Traglia et al. 2009; Pioli et al. 2008; , in that it is well sorted, moderately to highly vesicular, mantles topography, and contains planar-parallel bedding. Some (< 10%) of the scoria clasts contain sedimentary lithic xenocrysts as cores, some of which are up to 2-3 cm, and include each of the main country rock lithologies. We suggest that these lithics were incorporated into the transient vent from the existing diatreme, which contained abundant fragmented lithic clasts following the phreatomagmatic phase of the eruption, so they are accidental pyroclasts in this sense. Based on the previously mapped extent of LPLT (BQltu^Streufert et al. 2009 ), the eruption column was strongly influenced by the regional westerly winds. If any constructional landform within the crater was produced during this phase, it is covered by colluvium in the present-day crater.
The location of Dotsero volcano is intriguing because the phreatomagmatic crater was formed~300 m above any obvious source of water, this being the levels of the Eagle and Colorado Rivers (which would have been similar to their modern levels at the time of the eruption). Furthermore, the Eagle and Colorado River Valleys bound the area on the south and west, respectively, meaning the dikes that fed the eruption must have been both focused and small in length, not to have erupted in these topographic lows (cf. Valentine and Keating 2007) . We hypothesize that faulting associated with the folding of the local bedrock controlled the shallow magma migration leading up to the eruption. At least one fault has previously been mapped by Streufert et al. (2009) , bisecting the crater with a NE-SW orientation, but the temporal relationship between local faulting and the eruption of Dotsero volcano is not clear. However, we acknowledge the possibility that if the fault had been present during the eruption, it could have provided a pathway for water to interact with the magmatic feeder system. In addition, the Eagle Valley Evaporite is highly porous. It is thus possible that the formation hosted a perched aquifer, providing a hydrogeologic source for the phreatomagmatic eruption. Lastly, this area receives 1-2 m of snowfall per year (NOAA, Western Regional Climate Center 2018). It is plausible that melting snow could have also provided a shallow source of water for the eruption. Some of the sediment in the southwest canyon shows evidence for having been wet and/or mobilized, which supports this hypothesis (Fig. 9) .
Implications for models of maar-diatreme volcanoes
Our field and modeling results suggest that grain size alone is a poor descriptor of phreatomagmatic deposits-the commonly cited relationship between grain size and fragmentation efficiency should be used with caution. This argument arises from our interpretations that S-LRLT and NE-LRLT are from the same phreatomagmatic phase of the Dotsero volcano eruption and originated from the same vent. This is supported by the lithic concentrations and types in each unit, and their concurrent temporal location in the inferred eruption sequence. We therefore hypothesize that the topography through which Dotsero volcano erupted had a significant effect on PDC dispersal and the grain size of their deposits.
The modeling of discrete explosions with multiple particle sizes further supports our hypotheses associated with grain size interpretations of phreatomagmatic deposits. In the offset crater rim simulation, the initial PDCs contain both coarse and fine particles, while the later PDCs contain decreasing amounts of coarse particles due to sedimentation of coarse particles onto the crater floor (Figs. 10 and 11) . We hypothesize that this mechanism of PDC redirection is responsible for the abundance of lapilli tuff/tuff couplets in S-LRLT and their absence in NE-LRLT. We find that the coarse lapilli-rich beds were formed from primary PDCs and the tuff beds were deposited by secondary or even tertiary PDCs. This concentrating of fine particles by sequential PDC-forming events (only the first of which is actually related to the source explosion) makes the fine-grained deposit seem associated with a higher energy event than is actually the case.
In the deep crater simulation, a weak explosion produced PDCs containing only fine particles (Figs. 11 and 12) . If this were a natural example, the field expression of this would be a fine-grained deposit, or, tuff. Even if the fine particles were initially a result of fragmentation or mechanical erosion due to high-energy explosions within a diatreme, they were erupted from a weak one. So, we argue that interpretations of grain size of phreatomagmatic deposits should be considered in the context of the whole eruption setting. This includes topography and crater shape (both pre-and syn-eruptive), particle history (i.e., recycling in the diatreme), as well as emplacement mechanism (i.e., primary versus secondary PDCs) when interpreting maar-diatreme eruptive deposits.
Even with a well-constrained subsurface, the information that componentry of phreatomagmatic deposits can provide is generally limited-the most important reason being that it is impossible to know for certain what volumes of each country rock lithology remain in the diatreme after the eruption ceases. In S-LRLT and NE-LRLT, there is no obvious pattern to the lithic concentrations as a function of stratigraphic height. One might expect that the grain size of the stratigraphically shallowest lithics would decrease upwards in the deposit, due to more time spent in the diatreme, but this is not the case. In fact, the largest lithics are found near the top of S-LRLT. In addition, the stratigraphically deepest lithics are less abundant toward the top of the deposit. Given the relatively small thickness (< 125 m) of Maroon Formation that the diatreme developed downward through ( Fig. 2; Table 1 ), it is likely that the large Maroon Formation blocks in the top of S-LRLT were sourced from the adjacent Blowout Hill (Figs. 7 and  14) . As the crater grew, it incised the hillside, providing a steady supply of blocks that would then be optimally placed at the top of the diatreme/syn-eruptive crater floor for ejection from subsequent explosions, thus allowing them to be ejected without significant mechanical erosion from intra-diatreme recycling.
The lack of pattern in the lithic concentrations in the Dotsero volcano deposits seems to indicate that a complex randomness governs the ejection of clasts from the diatreme. However, the paucity of deep-seated country rock clasts (> 750 m below crater) is consistent with previous findings, such as Lefebvre et al. (2013) . This is further evidence that most explosions in diatremes that contribute to surface deposits are shallow (< 250 m). Deeper explosions are not necessarily less frequent, but are not as efficient at transporting clasts upward toward the surface due to greater confining pressures. In a small-volume volcano such as Dotsero, this makes further sense because the volumes of magma and water needed to vent material from depths greater than 250 m are on the order of 10 4 m 3 (Sweeney and Valentine 2015) . Based on the presence of clasts sourced from the Belden Formation, we can estimate the minimum depth of the diatreme at Dotsero volcano to be~1 km (Fig. 2) . The deep-seated clasts that are present are evidence of intra-diatreme processes such as incremental transport by debris jets and recycling of clasts by subsidence (Bélanger and Ross 2018; Andrews et al. 2016; Graettinger et al. 2016; Sweeney and Valentine 2015; Ross et al. 2008a,b ).
Conclusion
We have described the eruptive products and inferred processes of the Holocene eruption of Dotsero volcano, which began with effusive activity, transitioned to maar-forming phreatomagmatic explosions, and then ended with a violent Strombolian phase. The eruption was strongly controlled by the pre-and syn-eruptive topography, as evidenced by the spatial distribution of deposits and deposit facies. Together with numerical modeling, we have shown the importance of considering factors beyond grain size when interpreting deposits resulting from phreatomagmatic eruptions. The shape of the crater (symmetrical vs. offset crater wall elevations) as well as the depth of the crater floor relative to the crater rim can both influence PDCs formed from discrete explosions. In the case of an offset crater, the higher crater rim can act as a barrier that reflects PDCs in the direction of the lower crater rim. These secondary and tertiary PDCs contain progressively less coarse particles, which could explain the lapilli tuff/tuff couplets found at Dotsero volcano and other maar-diatremes. Weak explosions in deep craters can also result in fine-grained PDCs when eruption columns collapse-coarse particles sediment onto the crater floor and fine particles are expelled up and over the crater rim. Finally, explosions in shallow craters result in thick PDCs containing both coarse and fine particles.
We have shown the complications that can arise from topographic effects on maar-diatreme eruptions, but several key questions about maar-diatreme eruption processes remain unsolved. Experimental work on magma-water interaction has provided countless details about phreatomagmatic eruptions and their eruptive products, but how processes, such as hydrodynamic mixing and Leidenfrost effects, scale to natural volcano length scales is still unknown. Understanding these dynamics, while small in size and short in time, are key for the development of more accurate numerical models. Future modeling of maar-diatreme eruptions should address the effects of additional particle sizes and densities, heterogeneous diatremes, and multiple explosions, all of which are fundamental aspects of natural eruptions. 
Appendix. Nomenclature and governing equations
Governing equations
Conservation of mass for gas phase:
where the gas phase obeys the ideal gas law:
Conservation of mass for solid phase m (m = 1,2):
Gas phase momentum balance:
Solid phase m (m = 1,2) momentum balance:
Gas phase internal energy balance:
Solid phase m (m = 1,2) internal energy balance:
Drag formulation
The drag coefficient in MFIX is given by:
where C Dm is a function of the Reynolds number and gas volume fraction. When particle volume fraction exceeds 0.2, the Ergun equation (Ergun 1952 ) is used, which is a type of packed-bed pressure drop correlation. The Ergun equation fails in the single particle limit, so MFIX invokes the Wen Yu equation in this case (Gidaspow 1986) . The combined form is referred to as the Gidaspow drag model (Gidaspow 1994) : where the Reynolds number of the mth solid phase is given by:
The solid-solid momentum transfer, I mli , is given by:
where F ml is a drag coefficient derived by Syamlal (1987) using kinetic theory:
where the last term accounts for a hindrance effect caused by particles in enduring contact and S coef is an adjustable parameter (a value of 0.3 is typical and is used here; Gera et al. 2004 ). Lebowitz (1964) derived the radial distribution function at contact for a mixture of hard spheres as:
Constitutive equations
The constitutive equations needed to close the governing equations can be found in their entirety in Syamlal et al. (1993) , Agrawal et al. (2001) , Pannala (2011), and Benyahia et al. (2012) , but we list the main equations here. The general formulation for solid stresses in MFIX is given by:
where the quasi-static and plastic stresses are represented by τ mpij and the viscous stresses are represented by τ mvij . The function Φ is a blending function, which insures a smooth transition at close packing ϵ * (Pannala et al. 2009; Syamlal and Pannala 2011) . Syamlal et al. (1993) developed the equations for the plastic regime using the frictional theory of Schaeffer (1987) :
where the shear viscosity is given by:
where ϕ is the angle of internal friction and μ max s is a specified maximum granular viscosity. The solid pressure in the close-packed regions is related to the void fraction (Jenike 1987) :
hence, the second pressure gradient in the solid-phase momentum equation is zero when the void fraction is not exceeded by the void fraction at maximum packing. The second invariant of the rate of strain tensor is:
The collisional stress tensor is given by:
where the deviator of the strain rate tensor is:
